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Effects of porosity and pore orientation on the magnetization process were studied for lotus-type
porous nickel and cobalt. It was confirmed that the saturation magnetization of porous metals varied
linearly with the porosity, independent of the pore growth directions. Anisotropic behavior was
clearly observed for the magnetization curves of lotus-type porous nickel, i.e., the magnetization
perpendicular to the pore growth direction is always smaller than that parallel to the pore growth
direction. The observed anisotropy is significantly large in the low magnetic field range below
2.5 kOe and is attributed to the anisotropic forms of the pores. Furthermore, it was found that the
porosity dependence of magnetization at a certain applied field can be expressed by the empirical
formula called Archie’s law, and the values of their exponents in the parallel and perpendicular
directions at around 200 Oe were determined to be 1.1 and 1.8, respectively. These values are
coincident with those reported for electrical conductivity of lotus-type porous nickel in the parallel
and perpendicular directions. © 2008 American Institute of Physics. DOI: 10.1063/1.2891572
I. INTRODUCTION
In recent years, lotus-type porous materials containing
many elongated pores have been developed through unidi-
rectional solidification.1–4 Lotus materials exhibit superior
specific strength, compared to conventional isotropic porous
materials, and also show characteristic properties such as
penetrability and large specific surface area. It was clarified
that the anisotropic natures of various properties such as
thermal, electronic, and mechanical properties are attributed
to their anisotropic forms of pores.5–7 In the applications of
lotus-type porous materials as a magnetic material, lotus ma-
terials are expected to have a useful merit that the geometri-
cal magnetic anisotropy, called shape magnetic anisotropy,
can be controlled by the growth direction of pores, without
any change in the outer shape of material. For example, al-
though the perpendicular direction of platelike samples is a
hard axis of magnetization, it is possible to make the perpen-
dicular direction be an easy axis of magnetization by intro-
ducing elongated pores aligned perpendicular to the plate.
With regard to magnetic properties of porous materials, the
effect of pore size has been widely studied for materials pos-
sessing isotropic pores,8–11 but lotus-type porous materials
have never been investigated to date.
Recent studies on porous materials have suggested that
various properties, such as thermal, electronic, and mechani-
cal properties, can be expressed by a well-known power-law
formula Archie’s law,12–14
A = A01 − pn, 1
where A, A0, p, and n denote a physical property of porous
material, that of the same material without pores, the poros-
ity, and the exponent determined empirically, respectively. In
lotus-type porous materials, anisotropy of the above-
mentioned properties was expressed by the angle dependence
of n in this formula. In the same way, it is expected that this
formula is applicable to the anisotropy of magnetic proper-
ties.
In this study, we measured magnetization curves of
lotus-type porous nickel and cobalt to characterize the aniso-
tropy of the magnetization process, and the effect of porosity
on the anisotropy was analyzed in terms of the empirical
Archie’s law.
II. EXPERIMENTAL
Lotus-type porous nickel was fabricated by a mold cast-
ing method in a former report.15 High purity nickel 99.9% in
purity was melted in an alumina crucible by a high-
frequency copper coil in mixture gas atmosphere of hydro-
gen and argon. Then, melted nickel was solidified unidirec-
tionally to obtain lotus-type porous nickel. The fabrication
conditions and the morphology of the specimens are shown
in Table I. The longitudinal and cross-sectional images of
lotus-type porous nickel are shown in Fig. 1.
Lotus-type porous cobalt was made from 99.9% pure
cobalt rods 10 mm in diameter and 100 mm in length by
aElectronic mail: onishi23@sanken.osaka-u.ac.jp.
TABLE I. Total pressure Ptotal, hydrogen partial pressure PH2, argon
partial pressure PAr, the mass of moisture m during fabrication, porosity
p, and average pore diameter d of lotus-type porous nickel.
Ptotal
MPa
PH2
MPa
PAr
MPa
m
g
p
%
d
m
0.4 0 0.4 0 0 ¯
0.4 0 0.4 0.105 35.7 186
0.8 0 0.8 0.094 18.3 114
1.6 0.07 1.53 0.111 11.1 15.7
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using a continuous zone melting method for the continuous
melting and unidirectional solidification of the rods.3 The
longitudinal axis of the rod of cobalt was held parallel to the
moving direction in the apparatus with hydrogen 1.0 or 1.5
or 2.0 or 2.5 MPa and argon gas of 2.5 MPa. The continu-
ous melting and unidirectional solidification were available
by melting a certain part of the cobalt rod in induction heat-
ing coil and moving the rod downward at a constant rate
160 or 330 or 500 m /s.
For the measurements of magnetization curves for the
lotus-type porous nickel and cobalt, the specimens were cut
into two kinds of testing peaces with the same dimensions of
1031 mm3. The pore growth directions were parallel
and perpendicular to the orientation of long axes of the
specimens, as shown in Figs. 2a and 2b. The magnetiza-
tion curve was measured at room temperature by a vibrating
sample magnetometer. The direction of the applied magnetic
field up to 10 kOe was fixed to be the long axes of specimens
as a result, parallel and perpendicular to the pore growth
direction, respectively.
III. RESULTS AND DISCUSSION
The saturation magnetization of the porous and nonpo-
rous specimens was measured in the magnetic fields applied
parallel and perpendicular to the pore growth direction. Due
to the fact that the magnitudes of saturation magnetization of
normal ferromagnetic materials such as nickel are given by
the atomistic origin, it does not depend on the shapes of
specimens and the directions of applied magnetic field, and it
was confirmed that the saturation magnetization observed for
porous nickel decreased linearly with increasing the porosity.
The same behavior was observed for cobalt. The relationship
between the saturation magnetization of porous nickel and
cobalt and their porosities is summarized in Fig. 3. The ratios
of the saturation magnetization of the porous materials to
that of the nonporous material naturally correspond with the
volume ratios of the net metal to the whole porous material
1− p.16 As a result, the saturation magnetization of porous
materials is expressed by the following formula:
Msat = M0sat1 − p , 2
where Msat and M0sat denote the saturation magnetization of
the porous material and that of the nonporous material, re-
spectively. This result shows that the porosity of a porous
material can be estimated easily by comparing its saturation
magnetization with that of nonporous.
Next, the magnetic field dependence of magnetization
was in detail measured for the lotus-type nickel and cobalt.
Although there is no remarkable difference in the obtained
results between nickel and cobalt, effects of the pore direc-
tion are clearer in nickel. This is due to the soft magnetic
properties of nickel, and therefore, we focused on the porous
FIG. 1. Scanning electron microscopy images of cross sections a parallel
and b perpendicular to the pore growth direction for lotus-type porous
nickel fabricated under Ar pressure of 0.4 MPa.
FIG. 2. The schematic illustrations of the specimens and the direction of
magnetic field: a parallel and b perpendicular to the pore growth
direction.
FIG. 3. Porosity dependence of the normalized saturation magnetization
Msat /M0sat of lotus-type porous nickel  and cobalt .
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nickel. Figures 4a and 4b show the normalized magneti-
zation curves of lotus-type porous nickel, i.e., the magnetic
field dependence of the ratio of the magnetization of porous
specimens M to their saturation magnetization Msat, in
the magnetic field parallel and perpendicular to the pore
growth direction. It was observed that for all the cases, the
M /Msat values were close to unity above 3 kOe, showing the
nearly saturated state. When the magnetic field was applied
parallel to the pore growth direction, the normalized magne-
tization curve of the porous specimen corresponded with that
of the nonporous specimen, as shown in Fig. 4a. In the case
of perpendicular direction, on the other hand, different slopes
of the normalized magnetization curves appeared at low
magnetic fields and the M /Msat value decreased with the
increase in the porosity, as shown in Fig. 4b. The different
slopes between the parallel and perpendicular directions
were caused by geometric magnetic anisotropy of specimens
containing anisotropic pores. In Fig. 5, M was normalized
against the magnetization of the nonporous specimen M0 in
order to discuss the porosity dependence of the magnitude of
anisotropy in terms of Archie’s formula. Only in the case of
the magnetization perpendicular to the pore growth direction,
significant lowering of the M /M0 was observed at the low
magnetic field of 200 Oe and was enhanced with increas-
ing the porosity. The relationship between the porosity and
M /M0 at a low magnetic field 200 Oe, an intermediate
magnetic field 1 kOe, and a high magnetic field
10 kOe were shown in Figs. 6a–6c, respectively. The
relationship for the cases could be fitted by the following
Archie’s law:
M = M01 − pn, 3
where the exponent n is a fitting parameter. In this equation,
it is considered that difference in n between parallel and
perpendicular directions represents the relationship between
anisotropy and porosity. The n value decreased toward unity
the case of saturation magnetization shown in Eq. 2 with
increasing applied magnetic field. The relationship between
the applied magnetic field and n is shown in Fig. 7. The n
values take a maximum, approximately 1.8 perpendicular
and approximately 1.1 parallel, at around 200 Oe. The an-
isotropy of magnetization clearly appears when n1.1, i.e.,
magnetic field 2.3 kOe. The n values of 1.8 and 1.1 are
coincident with those reported by Tane et al.12 for electrical
conductivity of lotus-type porous nickel in the parallel and
perpendicular directions, implying the existence of remark-
able similarity between electrical conductivity and magneti-
zation.
A possible mechanism of the coincidence in n may come
from similar spatial distribution of the electrical current and
the magnetic flux in the porous nickel. When a low magnetic
field is applied, the magnetic anisotropy originates from the
areas of the pore walls normal to the direction of applied
magnetic field because magnetic poles created at the pore
wall increases the total energy of the system and therefore
this area acts as a resistance to magnetization. The aniso-
tropic shape of pore is considered to cause the observed mag-
netic anisotropy, and at a low magnetic field, the magnetic
flux in porous materials flows without crossing pore wall.
FIG. 4. Magnetization curves M /Msat for specimens of 0% porosity solid
line, 11% porosity broken line, 19% porosity dotted line, and 35% po-
rosity chain line in the low magnetic field a parallel and b perpendicu-
lar to the pore growth direction.
FIG. 5. Normalized magnetization M /M0 for specimens of I 0% poros-
ity, II 11% porosity, III 19% porosity, and IV 35% porosity in the low
magnetic field a parallel and b perpendicular to the pore growth
direction.
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Since electrical current also flows without crossing pore
walls, the spatial distribution of electrical current and mag-
netic flux should be similar at a low magnetic field and simi-
lar values of n are expected to appear in electrical conduc-
tivity and magnetization.
IV. CONCLUSION
In conclusion, we investigated the effect of porosity and
pore direction on the magnetization process of lotus-type po-
rous metal. From the measurements of the magnetization
curves, it was confirmed that the value of the saturation mag-
netization was independent of the pore growth direction and
varied linearly with the porosity. Magnetization curves par-
allel and perpendicular to the pore growth direction showed
clear anisotropy of the magnetization process in lotus-type
porous materials, particularly in nickel. Furthermore, the re-
lationship between the porosity and the normalized magneti-
zation M /M0 were expressed by the empirical equation Ar-
chie’s law. For the perpendicular and parallel cases, the
value of exponent n in the empirical equation takes each
maximum, approximately 1.8 perpendicular and approxi-
mately 1.1 parallel, at around 200 Oe. The maximum n
values were coincident with those of electric conductivity of
lotus-type porous nickel. This fact may cause similar spatial
distribution of electrical current and magnetic flux in the
porous nickel.
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